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CROSSLINKING AGENT AND
FLUORINE-CONTAINING AROMATIC
COMPOUND

RELATED APPLICATION

The present application 1s a divisional application of U.S.
application Ser. No. 16/417,189 filed May 20, 2019, which

in turn 1s a divisional application of U.S. application Ser. No.
15/501,146 filed Feb. 1, 2017, now U.S. Pat. No. 10,344,

113, which in turn 1s a U.S. national stage application of
PCT/IP2015/00388R8 filed Jul. 31, 2015. The disclosure of
cach of these prior applications 1s incorporated herein by
reference 1n its entirety.

TECHNICAL FIELD

The invention relates to a crosslinking agent, a composi-
tion that includes a crosslinking agent, a crosslinked tluo-
roelastomer, a formed article obtained by using a crosslinked
fluoroelastomer, and a fluorine-containing aromatic com-
pound.

BACKGROUND ART

Water vapor (steam) 1s used in various industries (e.g.,
plant industry, machine (mechanical) industry, food indus-
try, and medical industry) for power generation, steriliza-
tion, cleaning (washing), and the like. A seal material (e.g.,
rubber O-ring) 1s used for a pipe and a device 1n which water
vapor flows, and prevents water vapor from tlowing to the
outside.

In recent years, there has been a tendency that the
temperature of water vapor used in power plants 1s increased
in order to improve the power generation efliciency. There-
fore, high-temperature water vapor resistance has been
desired for a seal material. In such a case, a seal material
formed of a crosslinked fluoroelastomer (e.g., fluororubber
or pertluororubber) 1s used. However, a seal material formed
of a crosslinked fluoroelastomer may exhibit poor vapor
resistance, and a further improvement has been desired (see
Patent Literature 1, for example).

A crosslinking agent 1s used when producing a cross-
linked fluoroelastomer, and various crosslinking agents have
been known. For example, triallyl isocyanurate (TAIC) 1s
generally widely known (see Patent Literature 2 to 6, for
example), and divinylbenzene (see Patent Literature 2 to 3,
for example), divinylbiphenyl (see Patent Literature 5, for
example), and the like are also known.

However, a novel crosslinking agent that can further
improve the heat resistance and the vapor resistance of a
crosslinked fluoroelastomer has been desired.

Patent Literature 6 discloses tetrafluoroethylene and a
pertluoroalkyl vinyl ether as a raw material monomer for
producing a fluoroelastomer.

Non-Patent Literature 1 discloses 1,2,2-trifluorostyrene
(perfluorovinylbenzene) as a material for producing a fuel
cell separation membrane.

CITATION LIST

Patent Literature

Patent [iterature 1: JP-A-2006-9010
Patent Literature 2: JP-A-2009-242782
Patent Literature 3: JP-A-H11-199743
Patent Literature 4: W(O1998/036901
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Patent Literature 5: JP-A-2000-327846
Patent Literature 6: JP-A-2012-211347

Non-Patent Literature

Non-Patent Literature 1: A. Raghavanpillai, et al., J. Org.
Chem., 2004, vol. 69, pp. 7083-7091

SUMMARY OF INVENTION

The mvention was conceived 1 view of the above prob-
lems. An object of the invention 1s to provide a crosslinking
agent that can improve the heat resistance of a crosslinked
fluoroelastomer, and a crosslinked fluoroelastomer that
exhibits improved heat resistance.

Another object of the invention 1s to provide a novel
fluorine-containing aromatic compound that can be used as
a crosslinking agent.

The mvention provides the following crosslinking agent,
crosslinked fluoroelastomer, fluorine-containing aromatic
compound, and the like.

1. A crosslinking agent including a compound represented
by a formula (1),

(1)

~CR!=CR?*CR?Y),,

o
NA RS

wherein R', R?, and R’ are independently a hydrogen atom,
a tluorine atom, an alkyl group, a fluoroalkyl group, or a
substituted or unsubstituted aryl group, a plurality of R' are
identical to or different from each other, a plurality of R* are
identical to or different from each other, a plurality of R” are
identical to or different from each other, provided that at
least one of R", R*, and R” is a hydrogen atom, and at least
one of R', R? and R’ is a fluorine atom or a fluorine
atom-containing group, m 1s an mteger from 2 to 6, 1 1s an
integer from O to 2, and each hydrogen on the benzene
ring(s) may be substituted.

2. The crosshinking agent according to 1, wherein the
compound represented by the formula (1) 1s a compound
represented by a formula (2),

(2)

N
‘\/

wherein R', R*, R°, and m are the same as defined above in
connection with the formula (1), and each hydrogen on the
benzene ring may be substituted.

3. A crosslinking agent including a compound that includes
two or more structures represented by a formula (3),

~CR!'=CR?CR?Y),,

(3)
X
‘/\
\/

CR!'=CR*CR?),
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wherein R', R, and R” are independently a hydrogen atom,
a fluorine atom, an alkyl group, a fluoroalkyl group, or a
substituted or unsubstituted aryl group, a plurality of R* are
identical to or different from each other, a plurality of R* are
identical to or different from each other, a plurality of R? are
identical to or diflerent from each other, provided that at
least one of R, R?, and R” is a hydrogen atom, and at least
one of R', R% and R’ is a fluorine atom or a fluorine
atom-containing group, n are independently an integer from
1 to 35, and each hydrogen on the benzene rings may be
substituted.

4. The crosslinking agent according to 3, wherein the

compound that includes two or more structures represented
by the formula (3) 1s a compound represented by a formula

(4),

(4)

N

D2 e—11
(RPR2C=R!Cy—r

: A
S

S

A

~CRI=CR’CRY),

wherein A 1s a single bond, —O—, —S—, a heteroatom-
containing group, a linear or a branched alkylene group, a
cycloalkylene group, or an arylene group that may be
fluorinated partially or completely, R', R*, R, and n are the
same as defined above 1n connection with the formula (3),
and each hydrogen on the benzene rings may be substituted.
5. The crosslinking agent according to 1 or 3, wherein the
compound represented by the formula (1), or the compound
that includes two or more structures represented by the
formula (3), 1s a compound represented by a formula (5),

(5)

YT
AP~

R'RPC=R'CH ~CR'=CR?*CRY),

wherein R', R*, and R> are the same as defined above in
connection with the formula (1) or (3), o 1s 1 or 0, q are
independently an integer from 1 to 4, and each hydrogen on
the benzene rings may be substituted.

6. The crosslinking agent according to any one of 1 to 3,
wherein R', R?, and R” are independently a hydrogen atom,
a fluorine atom, an alkyl group, a fluoroalkyl group, or a
substituted or unsubstituted phenyl or naphthyl group.

7. A composition including a fluoroelastomer, a crosslinking
initiator, and the crosslinking agent according to any one of
1 to 6.

8. The composition according to 7, wherein the fluoroelas-
tomer 1s a perfluoroelastomer or a partially fluormated
clastomer.

9. The composition according to 7 or 8, including the
crosslinking agent 1n an amount of 0.5 to 30 mmol based on
100 g of the fluoroelastomer.

10. The composition according to any one of 7 to 9,
including the crosslinking initiator 1n an amount 01 0.3 to 15
mmol based on 100 g of the fluoroelastomer.

11. A crosslinked fluoroelastomer obtained by crosslinking
the composition according to any one of 7 to 10.

12. A formed article including the crosslinked tluoroelasto-
mer according to 11.
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13. The formed article according to 12, the formed article
being a seal matenal.
14. A compound represented by a formula (1),

(1)

~CR!'=CR?*CRY),,

wherein R', R*, and R” are independently a hydrogen atom,
a tluorine atom, an alkyl group, a fluoroalkyl group, or a
substituted or unsubstituted aryl group, a plurality of R' are
identical to or different from each other, a plurality of R* are
identical to or different from each other, a plurality of R> are
identical to or different from each other, provided that at
least one of R', R?, and R’ is a hydrogen atom, and at least
one of R', R*, and R’ is a fluorine atom or a fluorine
atom-containing group, m 1s an mteger from 2 to 6, 1 1s an
integer from O to 2, and each hydrogen on the benzene
ring(s) may be substituted.

15. The compound according to 14, the compound being
represented by a formula (2),

(2)

X
‘/\I—&CR1=CR2CR3)M

N

wherein R', R*, R°, and m are the same as defined above in
connection with the formula (1), and each hydrogen on the
benzene ring may be substituted.

16. A compound including two or more structures repre-
sented by a formula (3),

(3)

~CRI=CR?CR?),

[
=

wherein R', R*, and R” are independently a hydrogen atom,
a tluorine atom, an alkyl group, a fluoroalkyl group, or a
substituted or unsubstituted aryl group, a plurality of R' are
identical to or different from each other, a plurality of R* are
identical to or different from each other, a plurality of R? are
identical to or different from each other, provided that at
least one of R', R?, and R’ is a hydrogen atom, and at least
one of R', R*, and R’ is a fluorine atom or a fluorine
atom-containing group, n are mdependently an integer from
1 to 5, and each hydrogen on the benzene rings may be
substituted.

1’7. The compound according to 16, the compound being
represented by a formula (4),

(4)

N Y

(R'R?’C=R'CA — A—

BN N

~CR!=CR’CR?),
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wherein A 1s a single bond, —O—, —S—, a heteroatom-
containing group, a linear or a branched alkylene group, a
cycloalkylene group, or an arylene group that may be
fluorinated partially or completely, R', R*, R®, and n are the
same as defined above 1n connection with the formula (3),
and each hydrogen on the benzene rings may be substituted.

18. The compound according to 14 or 16, the compound
being represented by a formula (5),

(9)
X
F

"y
J g I

(R¥R?C=R!C ~CR'=CR*CR),

wherein R, R*, and R> are the same as defined above in
connection with the formula (1) or (3), o 1s 1 or 0, q are
independently an integer from 1 to 4, and each hydrogen on
the benzene rings may be substituted.

19. A crosslinked fluoroelastomer having a change ratio of
70% or less with respect to a weight swelling ratio when
exposed to saturated water vapor at 300° C. for 22 hours, the
welght swelling ratio being measured after immersing the
crosslinked fluoroelastomer 1n a perfluorocarbon solution at

21 to 25° C. for 72 hours.

20. A crosslinked fluoroelastomer having a weight reduction
ratio of 7% or less when exposed to an atmospheric envi-
ronment at 330° C. for 16 hours.

The 1nvention also provides the following compounds.

1. Compounds respectively represented by the following
formulas.

CF; CF;

:J;ézq |
:C%_V_\%m |

CF; CF;

AF=CH% >_</ \}CH:';F
CFFCH{/_\%(CFE)G{\_%CH:@E

: <_/}=

CE

CH

/7 \

CF,=—CH
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-continued
CH=CF,

_/
Oy

/

CF,=—CH

11. A compound including two or more structures represented
by a formula (3"),

(3"

~CR!=CR*CR?),

N
‘\/

wherein R', R?, and R are independently a hydrogen atom,
a fluorine atom, an alkyl group, a fluoroalkyl group, or a

substituted or unsubstituted aryl group, a plurality of R' are
identical to or different from each other, a plurality of R* are
identical to or different from each other, a plurality of R” are
identical to or diflerent from each other, provided that at
least one of R', R?, and R’ is a hydrogen atom, and at least
one of R', R*, and R’ is a fluorine atom or a fluorine
atom-contaiming group, n are mdependently an iteger from
1 to 5, and each hydrogen on the benzene rings may be
substituted, provided that the following compounds are
excluded.

CHFZEF;@ @L |
=_®_</_\}: |

CF; CF;

J;F=CH% \>_</ \%CH:‘;F
CFFCH{/_\%(CM{\_%CH:%
%

CH=CF,

\_/

CrH=—=CH

RN N o
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-continued
CH=—CF,

CF,—CH

CF2=CH4©7(CF2)44<\_/>7CH=CF2

111. The compound according to 11, the compound being
represented by a formula (4'),

(4')

N S
NG

wherein A 1s a single bond, —O—, —S—, a heteroatom-
containing group, a linear or a branched alkylene group, a
cycloalkylene group, or an arylene group and these groups
may be fluorinated partially or completely, R', R*, R>, and
n are the same as defined above in connection with the
formula (3), and each hydrogen on the benzene rings may be
substituted.

The invention thus provides a crosslinking agent that can
improve the heat resistance of a crosslinked fluoroelastomer,
and a crosslinked fluoroelastomer that exhibits improved
heat resistance.

The invention thus also provides a novel tluorine-con-
taining aromatic compound that can be used as a crosslink-
ing agent.

(RR*C=RI!CH- ~CR!=CR?RY),

DESCRIPTION OF EMBODIMENTS

An embodiment of the invention 1s described below. Note

that the mvention 1s not limited to the following embodi-
ment.

A crosslinking agent according to one embodiment of the
invention 1s a compound represented by the following
formula (1).

(1)
X X
‘ ~CRI=CR’RY),,

a4

!

R', R?, and R° in the formula (1) are independently a
hydrogen atom, a tluorine atom, an alkyl group, a fluoroalkyl
group, or a substituted or unsubstituted aryl group. At least
one of R', R”, and R” is a hydrogen atom, and at least one
of R', R?, and R’ that are not a hydrogen atom is a fluorine
atom or a fluorine atom-containing group. Examples of the
fluorine atom-containing group include a fluoroalkyl group,
and an aryl group that 1s substituted with a fluorine atom or
a fluoroalkyl group.

The alkyl group and the alkyl residue included in the
fluoroalkyl group may be linear or branched. The number of
carbon atoms included in the alkyl 1s preferably 1 to 15
(more preferably 1 to 6).
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The fluoroalkyl group has a structure 1n which the alkyl
group 1s tuorinated partially or completely. The fluoroalkyl
group 1s prelferably a pertfluoroalkyl group.

The number of carbon atoms included in the aryl group 1s
preferably 6 to 18 (more preferably 6 to 12). Examples of the
aryl group include a phenyl group, a naphthyl group, and the
like.

Examples of a substituent that may substitute the aryl
group include a fluorine atom, a linear or branched alkyl
group, a cycloalkyl group, an aryl group, and the like. These
groups may be fluorinated partially or completely. The
number of carbon atoms included 1n the linear or branched
alkyl group 1s preferably 1 to 15 (more preferably 1 to 6).
The number of carbon atoms included in the cycloalkyl
group 1s preferably 3 to 8 (more preferably 3 to 6). The
number ol carbon atoms included in the aryl group 1s
preferably 6 to 18 (more preferably 6 to 12).

It is preferable that R', R*, and R’ be independently a
hydrogen atom, a fluorine atom, an alkyl group, or a
fluoroalkyl group.

Examples of the group represented by —CR'—CR’R”
(fluorine-containing substituted vinyl group) include the
following groups. The m groups represented by

— CR'—CR’R” may be identical to or different from each
other.

H\_/F F\_/H CF3\ _/H
/N N SN
F\_/CF3 H\_/F F\_/F
20 VA VAN

-
P,
o7
=y
-

m 1n the formula (1) 1s 2, 3, 4, 5, or 6, and preferably 2.

1 1 the formula (1) 1s 0, 1, or 2. 1 1s preferably O.

Examples of the compound represented by the formula (1)
include compounds respectively represented by the follow-

ing formulas (2), (6), and (7).

(2)

~CR!=CR’R?),,

W,

(6)

~CR!=CR?R?),,

é

a4
(7)
NN
| ~CRI=CR?R?),,
NN

R', R* R’ and m in the formulas (2), (6), and (7) are the
same as defined above.

When m 1n the formula (2) 1s 2, the two groups repre-
sented by —CR'=—CR”R” may be situated at ortho posi-
tions, meta positions, or para positions. It 1s preferable that
the two groups represented by —CR'=—CR*R" be situated at
para positions.
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A crosslinking agent according to another embodiment of
the 1mvention 1s a compound that includes two or more
structures represented by the following formula (3). The
benzene ring included 1n the formula (3) may be bonded to
another group or ring, and may be fused with another ring.

(3)
X

~CR!=CR’RY),

F

R', R*, and R in the formula (3) are the same as defined
above 1n connection with the formula (1). n are indepen-

dently 1, 2, 3, 4, or 3.

Examples of a preferable compound that includes two or
more structures represented by the formula (3) include a
compound represented by the following formula (4).

(4)
X

F

N
A

A 1n the formula (4) 1s a single bond, —O—, —S—, a
heteroatom-containing group, a linear or a branched
alkylene group, a cycloalkylene group, or an arylene group
that 1s optionally fluorinated partially or completely. For
example, the alkylene group, the cycloalkylene group, and
the arylene group are optionally fluorinated.

The number of carbon atoms included in the linear or a
branched alkylene group i1s preferably 1 to 15 (more pret-
erably 1 to 6). The number of carbon atoms included in the
cycloalkylene group 1s preferably 3 to 8 (more preferably 3
to 6). The number of carbon atoms included in the arylene
group 1s prelerably 6 to 18 (more preferably 6 to 12).

Examples of the alkylene group include a methylene
group, an ethylene group, a propylene group, and the like.
Examples of the arylene group include a phenylene group,
a naPhthaleng/lene group, and the like.

R , and n in the formula (4) are the same as
deﬁned above.

When each n in the formula (4) 1s 1, A and the group
represented by —CR'=—CR”*R® may be situated at ortho
positions, meta positions, or para positions. It 1s preferable
that A and the group represented by —CR'—CR’R” be
situated at para positions. It 1s more preferable that A and the
group represented by —CR'—CR’R"” be situated at para
positions with respect to each benzene ring.

Specific examples of the compound represented by the

formula (4) include compounds respectively represented by
the following formulas (8) to (10).

~CR!=CR’RY),

(R’R?’C=R!CH

(8)

R3R2C — Rl C / \ / \ CRI — CR2R3

CF;

Cl3

5
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-continued
(10)

=</_\}()</_\}:

R', R? and R> in the formulas (8) to (10) are the same as
defined above. t in the formula (10) 1s preferably 1 to 15, and
more preferably 1 to 6.

Specific examples of the compound represented by the
formula (3) include the following compounds (crosslinking
agents).

(‘jF3 TF3
CF3 CF3
CHF—C \ / C—C} 4

CHF=A%_> {_\}éq} |

3

CHF=A%_> {_\}(‘;:@ |

_CHQ @—
_O { Hirmen

CF;

(‘2F=CHCH_CF
CF2=CH4<_>7(CFZ)64<\_>7CH:CF2

CH_CF2

00

CF,=—CH

CF2=CH—©70—®7CH:CF2
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-continued CH=CF,
_/
G

CF,=—CH

Examples of the compound represented by the formula
(1), or the compound that includes two or more structures
represented by the formula (3) include a compound repre-
sented by the following formula (5).

(3)
X

| — 2D 3
——tCRI=CR?RY),

F

(RPR?C=R!CH -

R', R? and R’ in the formula (5) are the same as defined
above.

o 1n the formula (5) 1s 1 or O, and preferably 0.

q in the formula (5) are independently 1, 2, 3, or 4.

Specific examples of the compound represented by the
formula (5) include a compound represented by the follow-
ing formula (11) and a compound represented by the fol-
lowing formula (12).

(11)

NN
RR*C=R/C | ——+CR!'=CR’R?),
Z \/
(12)
| X X
(RPR?C=RI!CH PR ——CR'=CR*R’),
F F

R', R*, R°, and q in the formulas (11) and (12) are the
same as defined above.

When each g in the formulas (11) and (12) 1s 1, 1t 1s
possible to effect eflicient crosslinking 1f the two groups
represented by —CR'—CR°R" are situated farthest from
cach other.

Each hydrogen on the benzene ring(s) included in the
tformulas (1) to (12) may be independently substituted with
a substituent. The term “hydrogen on the benzene ring(s)”
used herein refers to a hydrogen atom included 1n a benzene
skeleton, a naphthalene skeleton, or an anthracene skeleton.
Examples of the substituent include a fluorine atom, an alkyl
group, a tluoroalkyl group, a cycloalkyl group, a fluorocy-

cloalkyl group, a substituted or unsubstituted aryl group, and
the like. The fluoroalkyl group and the fluorocycloalkyl
group have a structure 1 which the alkyl group or the
cycloalkyl group 1s fluorinated partially or completely.
The alkyl group may be linear or branched. The number
of carbon atoms included in the alkyl group 1s preferably 1
to 15 (more preferably 1 to 6). The number of carbon atoms
included in the cycloalkyl group 1s preferably 3 to 8 (more
preferably 3 to 6). The number of carbon atoms ncluded in
the aryl group 1s preferably 6 to 18 (more preferably 6 to 12).
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Examples of a substituent that may substitute the aryl group
include those mentioned above in connection with R'.

Examples of the alkyl group include a methyl group, an
cthyl group, a propyl group, and the like. Examples of the
arylene group include a phenylene group, a naphthalenylene
group, and the like.

A composition according to the mvention includes the
above crosslinking agent, a fluoroelastomer, and an 1nitiator.

The crosslinking agent 1s preferably added 1n an amount
of 0.5 to 30 mmol, more preferably 0.5 to 15 mmol, still
more preferably 1 to 13 mmol, even more preferably 1 to 8
mmol, and yet more preferably 2.0 to 7.0 mmol, based on
100 g of the fluoroelastomer. There 1s a tendency that vapor
resistance and heat resistance are improved as the amount of
crosslinking agent increases. However, the composition may
become hard 11 the amount of crosslinking agent 1s too large.

The fluoroelastomer may be a perfluoroelastomer, or may
be a partially fluorinated elastomer.

For example, the fluoroelastomer may include a repeating
unit dertved from the monomers listed below. The fluo-
roelastomer may include one or two or more repeating units
derived from one or two or more monomers.

CF,—CH, (vinylidene fluoride)

CF,—CF, (tetratluoroethylene)

CF,—CFCF, (hexatluoropropylene)

CH,—CH,
CH,—CHCH;

The fluoroelastomer used in connection with the invention
preferably includes either or both of 10dine and bromine
(more preferably 1odine) as a radical attack site during
crosslinking (curing). A pertluoroelastomer that can be cured
using a peroxide 1s disclosed in Patent Literature 1, for
example.

A (per)fluoroelastomer normally includes 1odine 1 an
amount o 0.001 to 5 wt %, and preferably 0.01 to 2.5 wt %,
based on the total weight of the polymer. The 1odine atoms
may be present along the chain, or may be present at the
terminal, or may be present along the chain and at the
terminal.

The (per)fluoroelastomer 1s produced from a copolymer
of a (per)fluoroolefin or the like that includes one ethyleni-
cally unsaturated bond (preferably at the terminal).

Examples of the comonomer include the following com-
pounds:

CF,—CFOR,, ((per)tluoroalkyl vinyl ether (PAVE))

wherein R, 1s a (per)fluoroalkyl group having 1 to 6 carbon
atoms, such as a trifluoromethyl group or a pentatluoropro-

pyl group;
CEF,—=CFOX_ ((per)fluorooxyalkyl vinyl ether)

wherein X _ 1s a (per)tluorooxyalkyl group having 1 to 12
carbon atoms that includes one or more ether groups, such
as a perfluoro-2-propoxypropyl group; and

CFX,—CX,0CF,0R"; (I-B)

wherein R"-1s a linear or branched (per)tluoroalkyl group
having 2 to 6 carbon atoms, a cyclic (per)fluoroalkyl group
having 5 or 6 carbon atoms, or a linear or branched (per)
fluorooxyalkyl group having 2 to 6 carbon atoms that
includes 1 to 3 oxygen atoms, and X, 1s F or H.
The (per)fluorovinyl ether represented by the formula
(I-B) 1s preferably represented by the following formula.

CFX,—CX,0OCF,OCF,CF,Y (II-B)

wheremn Y 1s F or OCF,, and X, 1s the same as defined above.
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The perfluorovinyl ethers represented by the following
formulas are more preferable.

CF,—CFOCF,OCF,CF, (MOVE1)

CF,—CFOCF,OCF,CF,0OCF, (MOVE2)

Examples of a preferable monomer composition include
the following compositions.

Tetratluoroethylene (TFE): 50 to 85 mol %, PAVE: 15 to 50
mol %
TFE: 50 to 85 mol %, MOVE: 15 to 50 mol %

The fluoroelastomer may also include a unit derived from
vinylidene fluoride, a fluoroolefin having 3 to 8 carbon
atoms that may include either or both of chlorine and
bromine, and a non-fluorinated olefin having 3 to 8 carbon
atoms.

A common crosslinking initiator may be used. Examples
of the crosslinking initiator include a peroxide, an azo
compound, and the like.

The crosslinking initiator 1s preferably added in an
amount of 0.3 to 35 mmol, more preferably 1 to 15 mmol,
and still more preferably 1.5 to 10 mmol, based on 100 g of
the fluoroelastomer. There 1s a tendency that vapor resis-
tance and heat resistance are improved as the amount of
crosslinking initiator increases. Scorching or foaming may
occur if the amount of crosslinking initiator 1s too large.

The composition may include a crosslinking assistant.

Examples of the crosslinking assistant include zinc oxide,
activated alumina, magnesium oxide, a quaternary ammo-
nium salt, a quaternary phosphonium salt, an amine, and the
like. The crosslinking assistant improves crosslinking efli-
ciency and heat resistance. The crosslinking assistant 1s

normally added 1n an amount of 0.1 to 10 g based on 100 g
of the fluoroelastomer.

A filler can be added to the above fluoroelastomer com-
position 1n order to improve mechanical strength. A material
that 1s commonly known as a filler for an elastomer may be
used as the filler as long as the advantageous eflects of the
invention are not impaired. Examples of the filler include
carbon black, silica, barium sulfate, titanium dioxide, a
semicrystalline fluoropolymer, a perfluoropolymer, and the
like.

An approprniate amount of a thickener, a pigment, a
coupling agent, an antioxidant, a stabilizer, or the like may
optionally be added to the composition.

A crosslinked fluoroelastomer can be obtained by cross-
linking the composition according to the mvention.

When using a one-step heating process, the composition
1s preferably crosslinked by heating the composition at 100
to 250° C. for 10 minutes to 5 hours.

When using a two-step heating process, the raw material
1s normally put 1 a die, and crosslinked with pressing
(primary crosslinking). For example, primary crosslinking 1s
cllected by heating the raw matenal at 150 to 200° C. for 5
to 60 minutes. The resulting crosslinked product 1s removed
from the die, and subjected to secondary crosslinking. For
example, secondary crosslinking i1s effected by heating the
crosslinked product at 150 to 300° C. for 1 to 100 hours. The
crosslinking process may be performed using an electric
turnace or the like. It 1s possible to suppress deformation and
the like during use by providing a heat history through
secondary crosslinking.

The crosslinking process may be performed in an 1nert gas
atmosphere or air.

Nitrogen, helium, argon, or the like may be used as the
mert gas. It 1s preferable to use nitrogen. The oxygen
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concentration in the mnert gas atmosphere 1s preferably 10
ppm or less, and more preferably 5 ppm or less.

The crosslinked fluoroelastomer obtained using the above
production method may be used as a seal material. The
crosslinked fluoroelastomer may be formed in the shape of
a gasket, a seal ring, or the like.

The above production method can produce a formed
article that has a weight swelling change ratio (change ratio
with respect to weight swelling ratio) of 70% or less before
and after being exposed to saturated water vapor at 300° C.
for 22 hours (as measured using the method described later
in connection with the examples). The weight swelling
change ratio 1s preferably 65% or less, and more preferably
55% or less.

The crosslinked fluoroelastomer (formed article) prefer-
ably has a weight reduction ratio (1.e., heat resistance) of 7%
or less, and more preferably 5% or less, before and after

being exposed to an atmospheric environment at 330° C. for
16 hours.

EXAMPLES

Example 1

Synthesis of Compound 1

A compound 1 was synthesized as described below.

A 500 mL four-necked flask equipped with a stirrer was
charged with 4,4'-dibromobiphenyl (5.85 g, 18.8 mmol) and
tetrahydrofuran (200 mL) 1n a nitrogen atmosphere. A
solution prepared by dissolving n-butyllithium 1n n-hexane
(1.6 M, 25.8 mL, 41.3 mmol) was slowly added dropwise to
the mixture at =78° C. with stirring. Next, ethyl trifluoro-
acetate (11.73 g, 82.5 mmol) was slowly added dropwise to
the mixture. After heating the resulting mixture to 0° C., a
hydrochloric acid aqueous solution was added to the mix-
ture, and the organic layer was 1solated and removed. The
organic layer was washed with a 20% sodium chloride
solution (50 mL, 3 times), dried over anhydrous magnesium
sulfate, and concentrated under reduced pressure. The result-
ing concentrate was washed with hexane to obtain 6.17 g of
4.4'-bis(trifluoroacetyl)biphenyl (light yvellow solid).

A 300 mL four-necked flask equipped with a stirrer was
charged with triphenylphosphine (26.5 g, 101.0 mmol) and
tetrahydrofuran (40 mL) 1n a nitrogen atmosphere. A solu-
tion (20 mL) prepared by dissolving fluorotribromomethane
(19.2 g, 70.9 mmol) 1n tetrahydrofuran was slowly added
dropwise to the mixture at 0° C. with stirring. Next, a
solution (40 mL) prepared by dissolving 4,4'-bis(trifluoro-
acetyl)biphenyl (6.13 g, 17.7 mmol) 1n tetrahydrofuran was
added dropwise to the mixture, and the resulting mixture
was stirred at room temperature for 5 hours. After the
addition of hexane (100 mL), a solid precipitate was sepa-
rated by filtration. The filtrate was washed with a 20%
sodium chloride solution (100 mL, 3 times), dried over
anhydrous magnesium sulfate, and concentrated under
reduced pressure. The resulting concentrate was purified by
silica gel chromatography to obtain 7.30 g of 4,4'-bis(1-
tritluoromethyl-2-fluoro-2-bromovinyl)biphenyl  (vellow
solid).

A 300 mL four-necked flask equipped with a stirrer was
charged with 4,4"-bis(1-trifluoromethyl-2-tluoro-2-bro-
movinyl)biphenyl (6.23 g, 11.6 mmol) and tetrahydrofuran
(120 mL) 1n a nitrogen atmosphere. A solution prepared by
dissolving n-butyllithium in n-hexane (1.6 M, 15.7 mL, 25.1
mmol) was added dropwise to the mixture at —=78 to =55° C.
with stirring. After the addition of water (3.0 g), the mixture
was heated to room temperature. The organic layer was
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washed with a 20% sodium chloride solution (20 mL, 3
times), dried over anhydrous magnesium sulfate, and con-

centrated under reduced pressure. The resulting concentrate
was purilied by silica gel chromatography to obtain 1.10 g
of 4,4'-bis(1-trifluoromethyl-2-fluorovinyl)biphenyl (com-
pound 1) (light yellow o1l) (isolated yield: 15%).

(Compound 1)

j@ QL |

The compound 1 was liquid at room temperature.

The compound 1 was subjected to GC-MS, 'H-NMR, and
"F-NMR analysis. The results are listed below. It was found
that the compound 1 was a mixture including three 1somers
(E-E, E-Z, and Z-7). The ratio (E-E:E-Z:7-7) of these
1Isomers was 29:53:18.

The devices used for the analysis are listed below.
GC-MS: GCMS-QP2010 Plus manufactured by Shimadzu
Corporation
'H-NMR and ""F-NMR: AVANCE II 400 manufactured by
BRUKER
GC-MS (m/z): 377 (M™-1), 338, 338, 309, 287, 269, 238,
220, 189

"H-NMR (Acetone-d,, 400 MHz); 7.37 ppm (d, 2H), 7.52-
7.57 ppm (m, 4H, Ar—H), 7.79-7.85 ppm (m, 4H, Ar—H)
“F-NMR (Acetone-d., 376 MHz); -111.1 ppm (ddd, 2F),
-57.6 ppm (d, 6F, CF,)

j2_</\\ /_ -

"H-NMR (Acetone-d,, 400 MHz); 7.37 ppm (d, 1H), 7.52-
7.57 ppm (m, 4H, Ar—H), 7.70 ppm (d, 1H), 7.79-7.85 ppm
(m, 4H, Ar—H)

F-NMR (Acetone-d,, 376 MHz); -121.9 ppm (ddd, 1F),
—-111.1 ppm (ddd, 1F), —-61.6 ppm (d, 3F, CF;), -57.6 ppm
(d, 3F, CF,)

CHF

[Z-Z]
FsC

CF;

DataUat

H H

'H-NMR (Acetone-d,, 400 MHz); 7.52-7.57 ppm (m, 4H,
Ar—H), 7.70 ppm (d, 2H), 7.79-7.85 ppm (m, 4H, Ar—H)
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“F-NMR (Acetone-d., 376 MHz); -121.9 ppm (ddd, 2F),
-61.6 ppm (d, 6F, CF,)
Evaluation of Compound 1

A composition was prepared by mixing the components
listed below.
Fluoroelastomer (Tecnoflon PFR 94 manufactured by

Solvay): 100 g

Acid acceptor (AEROSIL R 972 manufactured by Nippon
Aerosil Co., Ltd.): 1.0 g

Initiator (PERCUMYL D manufactured by NOF Corpora-
tion): 2.6 mmol

Crosslinking agent (compound 1): 6.1 mmol

The composition was crosslinked to produce a crosslinked
fluoroelastomer (formed article). Primary crosslinking was
ellected at 190° C. for 30 minutes, and secondary crosslink-
ing was eflected at 290° C. for 8 hours.

The resulting formed article was evaluated as described
below.

(1) Heat Resistance

The formed article was exposed to an atmospheric envi-
ronment at 330° C. for 16 hours to measure the weight
reduction ratio, and a change in the external appearance of
the formed article was observed. The results are listed n
Table 1.

(2) Weight Swelling Change Ratio (Vapor Resistance Test)

The weight swelling change ratio was measured as
described below, and a change 1n external appearance due to
the vapor resistance test was observed. The results are listed
in Table 2.

(1) Measurement of Weight Swelling Ratio

The weight swelling ratio of a strip-shaped formed article
(length: 20 mm, width: 10 mm, thickness: 1 mm) before
being subjected to the vapor resistance test (300° C.) was
measured as described below.

Specifically, the formed article was immersed 1 a per-
fluorocarbon solution (Fluormnert FC-3283 (manufactured
by 3M Japan Limited)) at room temperature (21 to 25° C.)
for 72 hours, and the weight swelling ratio due to immersion
was calculated using the following expression.

Weight swelling ratio (% )=((weight after immer-
sion)—(weight before immersion))/(weight
before immersion)x100

(11) Vapor Resistance Test (300° C.)

The formed article was then subjected to the vapor
resistance test (300° C.).

Specifically, the formed article was exposed to saturated
water vapor at 300° C. for 22 hours.

(111) Measurement of Weight Swelling Ratio after Vapor
Resistance Test (300° C.)

The formed article that had been subjected to the vapor
resistance test (300° C.) was immersed 1n a pertluorocarbon
solution (Fluorinert FC-3283 (manufactured by 3M Japan
Limited)) at room temperature (21 to 25° C.) for 72 hours,
and the weight swelling ratio of the formed article after the
vapor resistance test (300° C.) was measured as described
above.

The change ratio (%) with respect to the weight swelling
ratio due to the vapor resistance test (300° C.) was calculated
using the weight swelling ratio before the vapor resistance
test and the weight swelling ratio after the vapor resistance
test (see the following expression).

Change ratio (%)=((weight swelling ratio after vapor
resistance test)-(weight swelling ratio before
vapor resistance test))/(weight swelling ratio
before vapor resistance test)x100
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Example 2

Synthesis of Compound 2
A compound 2 was synthesized as described below.

A 2 L four-necked flask equipped with a stirrer was
charged with 4.,4'-biphenyldicarbaldehyde (63.3 g, 0.30
mol), a zinc powder (59.2 g, 0.90 mol), triphenylphosphine
(315.8 g, 1.20 mol), and N,N-dimethylacetamide (600 mL).
Difluorodibromomethane (221.2 g, 1.05 mol) was slowly
added to the mixture at room temperature to 40° C. with
stirring.  After stirmng the mixture at room temperature
overnight, the mixture was subjected to extraction using
hexane (1 L, 3 times), and the hexane layer was washed with
a 20% sodium chloride solution (200 mL, 3 times), dried
over anhydrous magnesium sulfate, and concentrated under
reduced pressure. The resulting concentrate was purified by
silica gel chromatography to obtain 33.5 g of 4,4'-bi1s(2,2-
difluorovinyl)biphenyl (compound 2) (white solid) (1solated
yield: 40%).

(Compound 2)

=%_> {_\}:

The melting point of the compound 2 was 88 to 90° C.
The compound 2 was subjected to GC-MS, 'H-NMR, and

"F-NMR analysis in the same manner as in Example 1. The
results are listed below.

GC-MS (m/z): 278 (Mt), 256, 227, 207, 139, 89

"H-NMR (Acetone-d,, 400 MHz); 5.30 ppm (dd, 2H), 7.38
ppm (d, 4H, Ar—H), 7.35 ppm (d, 4H, Ar—H)

"F-NMR (Acetone-d,, 376 MHz); -84.3 ppm (d, 2F), -82.4
ppm (dd, 2F)

Evaluation of Compound 2

A composition and a formed article were prepared 1n the
same manner as i Example 1, except that the compound 2
was used as the crosslinking agent instead of the compound
1, and the formed article was evaluated 1n the same manner
as 1n Example 1. The results are listed 1n Tables 1 and 2.

Example 3

Evaluation of Compound 3
A compound 3 was synthesized as described below.

A 50 mL four-necked flask equipped with a stirrer was
charged with zinc chloride (1.57 g, 11.5 mmol) and tetra-
hydrofuran (20 mL) 1n a nmitrogen atmosphere. After the
addition of 1,1,1,3-tetratluoroethane (1.78 g, 17.4 mmol) at
-20° C., a solution prepared by dissolving lithtum diisopro-
pylamide in n-hexane and tetrahydrofuran (1.0 M, 21.4 mL,
23.4 mmol) was added dropwise to the mixture. After the
addition of 4.,4'-duodobiphenyl (1.33 g, 3.3 mmol) and
tetrakis(triphenylphosphine)palladium (0.13 g, 0.11 mmol),
the resulting mixture was stirred at room temperature over-
night. After evaporating the solvent, the resulting concen-
trate was subjected to a silica gel treatment to obtain a
reaction mixture.

A 25 mL three-necked flask equipped with a stirrer was
charged with the reaction mixture and tetrahydrofuran (10
mlL). A solution prepared by dissolving sodium bis(2-
methoxyethoxy)aluminum hydride in toluene (1.21 g, 4.2
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mmol, concentration: about 70%) was slowly added drop-
wise to the mixture at 0 to 5° C. with stirring. After stirring
the mixture at room temperature overnight, the reaction was
quenched using a hydrochloric acid aqueous solution, and a
concentrate obtained by performing an ordinary post-treat-
ment operation was purified by silica gel chromatography to
obtain 0.49 g of 4,4'-bis(1,2-difluorovinyl)biphenyl (com-
pound 3) (white solid) (1solated yield: 54%).

(Compound 3)

=%_> {_\%CF:} 4

The melting point of the compound 3 was 123 to 128° C.
The compound 3 was subjected to GC-MS, '"H-NMR, and
"F-NMR analysis in the same manner as in Example 1. The
results are listed below. It was found that the compound 3
was a mixture including three 1somers (E-E, E-Z, and Z-7).
The ratio (E-E:E-Z:7-7) of these 1somers was 34:48:18.

GC-MS (m/z): 278 (M™*), 256, 238, 139, 75, 61, 45

OO~

"H-NMR (Acetone-d,, 400 MHz); 7.72 ppm (dd, 2H), 7.75
ppm (d, 4H, Ar—H), 7.85 ppm (d, 4H, Ar—H)

“F-NMR (Acetone-d., 376 MHz); —173.8 ppm (ddd, 2F),
-167.5 ppm (dd, 2F)

OO~

H

[E-E]

[E-Z]

"H-NMR (Acetone-d,, 400 MHz); 7.48 ppm (dd, 1H), 7.62

ppm (d, 2H, Ar—H), 7.70 ppm (dd, 1H), 7.72-7.85 ppm (m,
6H, Ar—H)
19F_NMR (Acetone-d,, 376 MHz); -173.8 ppm (ddd, 1F),
-167.5 ppm (dd, 1F), -164.8 ppm (dd, 1F), -145.1 ppm (d,

1F)
O

H

[2-Z]

"H-NMR (Acetone-d,, 400 MHz); 7.43 ppm (dd, 2H), 7.47
ppm (d, 4H, Ar—H), 7.62 ppm (d, 4H, Ar—H)
“F-NMR (Acetone-d., 376 MHz); -164.9 ppm (dd, 2F),
—-145.1 ppm (d, 2F)
Evaluation of Compound 3

A composition and a formed article were prepared 1n the
same manner as i Example 1, except that the compound 3
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was used as the crosslinking agent instead of the compound
1, and the formed article was evaluated 1n the same manner
as 1n Example 1. The results are listed in Tables 1 and 2.

Example 4

Synthesis of Compound 4

A compound 4 was synthesized as described below.

A 200 mL four-necked tlask equipped with a stirrer was
charged with tetrahydrofuran (50 mL) and 1,1,1,2-tetratluo-
roecthane (4.77 g, 46.8 mmol) 1in a nitrogen atmosphere. A

solution prepared by dissolving n-butyllithium in n-hexane
(1.6 M, 50 mL, 80.7 mmol) was slowly added dropwise to

the mixture at -78° C., and a solution (50 mL) prepared by
dissolving 4,4'-biphenyldicarbaldehyde (2.43 g, 11.5 mmol)
in tetrahydrofuran was added dropwise to the resulting
mixture. After the addition of water (0.5 mL) at 0° C., the
solvent was evaporated to obtain a reaction mixture.

A 500 mL Teflon (registered trademark) reactor equipped
with a stirrer was charged with chloroform (45 mL) and
pyridinium poly(hydrogen fluonide) (38.5 g, 103.9 mmol). A
solution (40 mL) prepared by dissolving the reaction mix-
ture in chloroform was slowly added dropwise to the mix-
ture at 0 to 5° C. with stirring. After stirring the mixture at
room temperature for 3 hours, the mixture was neutralized
using a sodium hydrogen carbonate aqueous solution. The
organic layer was concentrated under reduced pressure, and
the concentrate was purified by silica gel chromatography to
obtain 3.65 g of 4.,4'-bis(2-trifluoromethyl-2-fluorovinyl)
biphenyl (compound 4) (white solid) (1solated yield: 84%).

(Compound 4)
Chj CLj

=% >_</ >_CH=J;F

The melting point of the compound 4 was 136 to 138° C.
The compound 4 was subjected to GC-MS, 'H-NMR, and
"F-NMR analysis in the same manner as in Example 1. The
results are listed below.

GC-MS (m/z): 374 (M™), 354, 295, 263, 227, 155, 111, 109,
91

"H-NMR (Acetone-d,., 400 MHz); 6.84 ppm (d, 2H), 7.80
ppm (d, 4H, Ar—H), 7.83 ppm (d, 4H, Ar—H)

F-NMR (Acetone-d., 376 MHz); —132.2 ppm (ddd, 2F),
-70.5 ppm (d, 6F, CF;)

Evaluation of Compound 4

A composition and a formed article were prepared 1n the
same manner as in Example 1, except that the compound 4
was used as the crosslinking agent instead of the compound
1, and the formed article was evaluated 1n the same manner
as 1n Example 1. The results are listed in Tables 1 and 2.

Example 5

Synthesis of Compound 3

A compound 5 was synthesized as described below.

A 500 mL four-necked flask equipped with a stirrer was
charged with 1,6-bis(4-bromophenyl)-1,1,2,2,3,3,4,4,5,3,6,
6-dodecatluorohexane (11.51 g, 18.8 mmol) and tetrahydro-
furan (370 mL) in a nitrogen atmosphere. A solution pre-
pared by dissolving n-butyllithium 1n n-hexane (1.6 M, 26.0
ml., 41.4 mmol) was slowly added dropwise to the mixture
at —78° C. with stirring. Next, N,N-dimethylformamaide
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(4.01 g, 54.9 mmol) was slowly added dropwise to the
mixture, and the resulting mixture was heated to 0° C. After
the addition of a hydrochloric acid aqueous solution, the
organic layer was washed with a 20% sodium chlonde
solution (100 mL, 3 times), dried over anhydrous magne-
sium sulfate, and concentrated under reduced pressure to
obtain 8.00 g of 1,6-bis(4-formylphenyl)-1,1,2,2,3,3,4,4,5,
5,6,6-dodecafluorohexane (light vellow solid).

A 200 mL four-necked flask equipped with a stirrer was
charged with 1,6-bis(4-formylphenyl)-1,1,2,2,3,3,4,4,5,3,6,
6-dodecatluorohexane (5.11 g, 10.0 mmol), a zinc powder
(1.96 g, 30.0 mmol), triphenylphosphine (10.49 g, 40.0
mmol) and N,N-dimethylacetamide (40 mL) 1n a nitrogen

atmosphere. A solution (10 mL) prepared by dissolving
difluorodibromomethane (7.34 g, 35.0 mmol) in N,N-dim-

ethylacetamide was slowly added dropwise to the mixture at
room temperature to 40° C. with stirring, and the resulting
mixture was stirred at room temperature overnight. After the
addition of hexane (100 mL), a solid precipitate was sepa-
rated by filtration. The filtrate was washed with a 20%
sodium chloride solution (30 ml, 3 times), dried over
anhydrous magnesium sulfate, and concentrated under
reduced pressure. The resulting concentrate was purified by
silica gel chromatography to obtain 1.73 g of 1,6-bis[4-(2,
2-difluorovinyl)phenyl]-1,1,2,2,3,3,4,4,5,5,6,6-dodecatluo-

rohexane (compound 35) (white solid) (1solated yield: 26%).

(Compound 5)

CF2=CH{/_>7(CFZ)6_<\_%CH=CFE

The melting point of the compound 5 was 68 to 70° C.
The compound 5 was subjected to GC-MS, "H-NMR, and

"F-NMR analysis in the same manner as in Example 1. The
results are listed below.

GC-MS (m/z): 578 (M™), 5359, 220, 189, 169, 138, 119, 99

"H-NMR (Acetone-d., 400 MHz); 5.77 ppm (dd, 2H), 7.64
ppm (d, 4H, Ar—H), 7.69 ppm (d, 4H, Ar—H)

“F-NMR (Acetone-d,, 376 MHz); —-121.7 ppm (s, 4F, CF.),
-121.2 ppm (s, 4F, CF,), -110.3 ppm (s, 4F, CF,), —-82.7
ppm (d, 2F), —80.9 ppm (dd, 2F)

Evaluation of Compound 5

A composition and a formed article were prepared 1n the
same manner as i Example 1, except that the compound 3
was used as the crosslinking agent instead of the compound

1, and the formed article was evaluated 1n the same manner
as 1n Example 1. The results are listed 1n Tables 1 and 2.

Example 6

Synthesis of Compound 6

A compound 6 was synthesized as described below.

Specifically, reactions were eflected 1n the same manner
as 1 Example 2, except that 3,3'-biphenyldicarbaldehyde
was used instead of 4,4'-biphenyldicarbaldehyde, to synthe-
s1ze 3,3'-b1s(2,2-difluorovinyl)biphenyl (compound 6). The
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compound 6 was obtained 1n the form of a light yellow solid,
and the 1solated yield was 36%.

(Compound 6)
CH=CF>»

\_/

CH=—=CH

The melting point of the compound 6 was 29 to 30° C.
The compound 6 was subjected to GC-MS, 'H-NMR, and

"F-NMR analysis in the same manner as in Example 1. The
results are listed below.

GC-MS (m/z): 278 (Mt), 256, 227, 207, 139, 89

'H-NMR (Acetone-d,, 400 MHz); 5.68 ppm (dd, 2H),
7.40-7.68 ppm (m, 8H, Ar—H)

"F-NMR (Acetone-d,, 376 MHz); -86.5 ppm (d, 2F), -83.5
ppm (dd, 2F)

Evaluation of Compound 6

A composition and a formed article were prepared 1n the
same manner as in Example 1, except that the compound 6
was used as the crosslinking agent instead of the compound
1, and the formed article was evaluated 1n the same manner
as 1n Example 1. The results are listed in Tables 1 and 2.

Example 7

Synthesis of Compound 7

A compound 7 was synthesized as described below.

Specifically, reactions were eflected 1n the same manner
as 1n Example 2, except that 4,4'-diformyl diphenyl ether
was used 1nstead of 4,4'-biphenyldicarbaldehyde, to synthe-
s1ze 4,4'-b1s(2,2-difluorovinyl)diphenyl ether (compound 7).
The compound 7 was obtained 1n the form of a white solid,
and the 1solated yield was 35%.

(Compound 7)

: <\_/}=

The melting point of the compound 7 was 36 to 38° C.
The compound 7 was subjected to GC-MS, 'H-NMR, and
F-NMR analysis in the same manner as in Example 1. The
results are listed below.

GC-MS (m/z): 294 (M™), 265, 245, 196, 156, 127, 119, 99

'H-NMR (Acetone-d,, 400 MHz); 5.60 ppm (dd, 2H), 7.04
ppm (d, 4H, Ar—H), 7.43 ppm (d, 4H, Ar—H)

"F-NMR (Acetone-d,, 376 MHz); -86.9 ppm (d, 2F), -85.1
ppm (dd, 2F)

Evaluation of Compound 7

/7 \
_/

CF,—CH

A composition and a formed article were prepared 1n the
same manner as i Example 1, except that the compound 7
was used as the crosslinking agent instead of the compound
1, and the formed article was evaluated 1n the same manner
as 1 Example 1. The results are listed in Tables 1 and 2.
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Example 8

Synthesis of Compound 8

A compound 8 was synthesized as described below.

Specifically, reactions were eflected 1n the same manner
as in Example 3, except that 1,6-bis(3-bromophenyl)-1,1,2,
2,3,3.4,4,5,5,6,6-dodecafluorohexane was used instead of
1,6-bis(4-bromophenyl)-1,1,2,2,3,3,4.4,5,5,6,6-dodecatluo-
rohexane, to synthesize 1,6-bis[3-(2,2-difluorovinyl)phe-
nyl]-1,1,2,2,3,3,4,4,5,5,6,6-dodecatluorohexane (compound
8). The compound 8 was obtained in the form of a white
solid, and the 1solated yield was 22%.

(Compound 8)
CH=CF,

_/
Oy

CF,=—CH

The melting point of the compound 8 was 23 to 25° C.
The compound 8 was subjected to GC-MS, '"H-NMR, and
“F-NMR analysis in the same manner as in Example 1. The
results are listed below.

GC-MS (m/z): 578 (M™), 559, 220, 189, 169, 138, 119, 99
"H-NMR (Acetone-d,, 400 MHz); 5.79 ppm (dd, 2H),
7.57-7.74 ppm (m, 8H, Ar—H)

“F-NMR (Acetone-d,, 376 MHz); —-121.7 ppm (s, 4F, CF.,),
-121.1 ppm (s, 4F, CF,), -110.5 ppm (s, 4F, CF,), -83.9
ppm (d, 2F), —82.3 ppm (dd, 2F)

Evaluation of Compound 8

A composition and a formed article were prepared 1n the
same manner as in Example 1, except that the compound 8
was used as the crosslinking agent instead of the compound
1, and the formed article was evaluated 1n the same manner
as 1n Example 1. The results are listed in Tables 1 and 2.

Example 9

Synthesis of Compound 9

A compound 9 was synthesized as described below.

A 500 mL four-necked flask equipped with a stirrer was
charged with 1,4-bis(4-bromophenyl)-1,1,2,2,3,3,4,4-0c-
tatluorobutane (10.24 g, 20.0 mmol) and tetrahydrofuran
(350 mL) 1n a nmitrogen atmosphere. A solution prepared by
dissolving n-butyllithium in n-hexane (1.6 M, 25.6 mL, 41
mmol) was slowly added dropwise to the mixture at —78° C.
with stirring. Next, N,N-dimethylformamide (4.39 g, 60.0
mmol) was slowly added dropwise to the mixture, and the
resulting mixture was heated to 0° C. After the addition of
a hydrochloric acid aqueous solution, the organic layer was
washed with a 20% sodium chloride solution (100 mL, 3
times), dried over anhydrous magnesium sulfate, and con-
centrated under reduced pressure to obtain 4.99 g of 1,4-bis
(4-formylphenyl)-1,1,2,2,3,3,4,4-octafluorobutane  (light
yellow solid).

A 300 mL four-necked flask equipped with a stirrer was
charged with 1,4-bis(4-formylphenyl)-1,1,2,2,3,3,4,4-0c-
tatluorobutane (4.92 g, 12.0 mmol), a zinc powder (2.35 g,
36.0 mmol), triphenylphosphine (12.59 g, 48.0 mmol), and
N,N-dimethylacetamide (75 mL) 1n a nitrogen atmosphere.
A solution (20 mL) prepared by dissolving difluorodibro-
momethane (8.98 g, 42.8 mmol) in N,N-dimethylacetamide
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was slowly added dropwise to the mixture at room tempera-
ture to 40° C. with stirring, and the resulting mixture was
stirred at room temperature overnight. After the addition of
hexane (150 mL), a solid precipitate was separated by
filtration. The filtrate was washed with a 15% sodium
chloride solution (50 mL, 3 times), dried over anhydrous
magnesium sulfate, and concentrated under reduced pres-
sure. The resulting concentrate was purified by silica gel
chromatography to obtain 2.12 g of 1,4-bis[4-(2,2-difluoro-
vinyl)phenyl]-1,1,2,2,3,3,4,4-octafluorobutane (compound
9) (white solid) (isolated yield: 22%).

(Compound 9)

CF2=CH4©7(CF2)44<\ >—CH=CF2

The melting point of the compound 9 was 86 to 88° C.
The compound 9 was subjected to GC-MS, 'H-NMR, and
F-NMR analysis in the same manner as in Example 1. The
results are listed below.

GC-MS (m/z): 478 (M™), 319, 189, 169, 138, 119, 99
"H-NMR (Acetone-d,, 400 MHz); 5.75 ppm (dd, 2H), 7.62
ppm (d, 4H, Ar—H), 7.66 ppm (d, 4H, Ar—H)

F-NMR (Acetone-d,, 376 MHz); —-121.2 ppm (s, 4F, CF.),
—-110.3 ppm (s, 4F, CF,), —82.9 ppm (d, 2F), —-81.1 ppm (dd,
2F)

Comparative Example 1

1,6-Divinyl(pertluorohexane) (manufactured by TOSOH
F-TECH, INC.) (see below) was used as a comparative
compound 1.

CH,—CH—(CF>),—CH=—CH, (Comparative compound 1)

Evaluation of Comparative Compound 1

A composition and a formed article were prepared 1n the
same manner as 1 Example 1, except that the comparative
compound 1 was used as the crosslinking agent instead of
the compound 1, and the formed article was evaluated 1n the

same manner as 1 Example 1. The results are listed 1n
Tables 1 and 2.

TABLE 1

Heat resistance

Weight reduction External

ratio (%) appearance
Example 1 4.6 Slightly dissolved
Example 2 2.6 No change was observed
Example 3 2.8 No change was observed
Example 4 4.9 No change was observed
Example 5 2.3 No change was observed
Example 6 0.9 No change was observed
Example 7 0.9 No change was observed
Example 8 1.4 No change was observed
Comparative 9.5 Dissolved
Example 1
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TABLE 2

Weight swelling ratio (%)

External
appearance

Before vapor  After vapor  Change
resistance test resistance test ratio (%)

Example 1 324 417 29 No change was
observed
Example 2 139 209 50 No change was
observed
Example 3 251 522 108 No change was
observed
Example 4 307 541 76 No change was
observed
Example 5 171 251 47 No change was
observed
Example 6 156 261 67 No change was
observed
Example 7 147 217 48 No change was
observed
Example 8 201 315 57 No change was
observed
Comparative 142 253 78 No change was
Example 1 observed

INDUSTRIAL APPLICABILITY

The fluorine-containing aromatic compound or the cross-
linking agent according to the invention can be used as a
crosslinking agent for a fluoroelastomer. The crosslinked
fluoroelastomer according to the invention can be used as a
seal material for which heat resistance 1s required.

Although only some exemplary embodiments and/or
examples of this mnvention have been described in detail
above, those skilled in the art will readily appreciate that
many modifications are possible 1n the exemplary embodi-
ments and/or examples without materially departing from
the novel teachings and advantages of this invention.
Accordingly, all such modifications are intended to be
included within the scope of this invention.

The documents described in the description and the
specification of the Japanese application on the basis of
which the present application claims Paris Convention pri-
ority are incorporated herein by reference 1n 1ts entirety.

The mvention claimed 1s:
1. A crosslinking agent comprising a compound repre-
sented by a formula (1),

(1)

¢CR'=CR’RY),,

o
N

wherein

m 1s an integer from 2 to 6;

1 1s one;

in each —CR'=—CR*R?, at least one of R"* R* and R° is
a hydrogen atom, at least one of R" R* and R’ is a
fluorine atom or a fluoroalkyl group, and any R"> R* or
R that is not a hydrogen atom, a fluorine atom, or a
fluoroalkyl group 1s an alkyl group, or a substituted or
unsubstituted aryl group,

a plurality of R' are identical to or different from each
other, a plurality of R” are identical to or different from
each other, and a plurality of R> are identical to or
different from each other:
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cach hydrogen on the benzene ring(s) 1in the core structure
1s not substituted or 1s substituted with a substituent
selected from the group consisting of fluorine atom, an
alkyl group, a fluoroalkyl group, a cycloalkyl group, a
fluorocycloalkyl group, and a substituted or unsubsti-
tuted aryl group; and

the —CR'—CR’R> groups are not —CH—CF,

2. A crosslinking agent comprising a compound repre-

sented by a formula (2),

(2)
X

¢ CR'=CR?R%),,

F

wherein

m 1s an integer from 2 to 6;

cach hydrogen on the benzene ring 1n the core structure 1s
not substituted or 1s substituted with a substituent
selected from the group consisting of fluorine atom, an
alkyl group, a fluoroalkyl group, a cycloalkyl group, a
fluorocycloalkyl group, and a substituted or unsubsti-
tuted aryl group; and

the —CR'==CR*R’ group is selected from the group
consisting of

/CF3 F H
\

CF; H F\
/ F / H
CF; F
/ H.

3. A crosslinking agent comprising a compound repre-
sented by a formula (3),

(5)

T

RIRPC=R!Cy—

YT

| — 213
CR'=CR?R%),

wherein

o1s 1;

q are an nteger from 1 to 4;

in each —CR'=—CR”R"> at least one of R"” R* and R” is

a hydrogen atom, at least one of R R* and R is a

fluorine atom or a fluoroalkyl group, and any R"* R* or
R that is not a hydrogen atom, a fluorine atom, or a
fluoroalkyl group 1s an alkyl group, or a substituted or
unsubstituted aryl group,

a plurality of R' are identical to or different from each
other, a plurality of R* are identical to or different from
each other, and a plurality of R® are identical to or
different from each other:

cach hydrogen on the benzene rings 1n the core structure
1s not substituted or 1s substituted with a substituent
selected from the group consisting of fluorine atom, an
alkyl group, a fluoroalkyl group, a cycloalkyl group, a
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fluorocycloalkyl group, and a substituted or unsubsti-
tuted aryl group, and

the —CR'—CR”R"> groups are not —CH—CF,

4. A compound represented by a formula (1),

(1)
/\IJ/\
‘ ¢CR'=CR?RY),
N
!
wherein

m 1s an integer from 2 to 6;

1 1s one;

in each —CR'—CR”R”> at least one of R"> R* and R" is
a hydrogen atom, at least one of R R* and R’ is a
fluorine atom or a fluoroalkyl group, and any R"> R* or
R that is not a hydrogen atom, a fluorine atom, or a
fluoroalkyl group 1s an alkyl group, or a substituted or
unsubstituted aryl group;

a plurality of R" are identical to or different from each
other, a plurality of R* are identical to or different from
each other, and a plurality of R® are identical to or
different from each other:

cach hydrogen on the benzene ring(s) 1n the core structure
1s not substituted or 1s substituted with a substituent
selected from the group consisting of fluorine atom, an
alkyl group, a fluoroalkyl group, a cycloalkyl group, a
fluorocycloalkyl group, and a substituted or unsubsti-
tuted aryl group; and

the —CR'—CR”R”> groups are not —CH—CF,

5. A compound represented by a formula (2),

(2)
/\
‘ ¢CR!=CR’RY),,
\/
wherein

m 1s an 1teger from 2 to 6;

cach hydrogen on the benzene ring 1n the core structure 1s
not substituted or 1s substituted with a substituent
selected from the group consisting of tluorine atom, an
alkyl group, a tfluoroalkyl group, a cycloalkyl group, a
fluorocycloalkyl group, and a substituted or unsubsti-
tuted aryl group; and

the —CR'—CR’R> groups are selected from the group
consisting of
CFx H F CF; F H

F H CF;
CF; F
—~
/N
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6. A compound represented by a formula (5),

(5)

N
\/—f

n2rh—nml I l — 2n3
(RPR?C=R'Cy CR'=CR2R%),

wherein
01s 1;
g are an integer from 1 to 4;
in each —CR'=—CR*R™ at least one of R"* R* and R’ is
a hydrogen atom, at least one of R” R* and R” is a
fluorine atom or a fluoroalkyl group, and any R"> R* or

R that is not a hydrogen atom, a fluorine atom, or a

fluoroalkyl group 1s an alkyl group, or a substituted or
unsubstituted aryl group;

a plurality of R' are identical to or different from each
other, a plurality of R2 are 1dentical to or different from
each other, and a plurality of R® are identical to or
different from each other:

cach hydrogen on the benzene rings 1n the core structure
1s not substituted or 1s substituted with a substituent
selected from the group consisting of tfluorine atom, an
alkyl group, a fluoroalkyl group, a cycloalkyl group, a
fluorocycloalkyl group, and a substituted or unsubsti-
tuted aryl group; and

the —CR'=—CR’R” groups are not —CH—CF,

% x *H % o
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